We show that, given a classical solution of the heterotic string theory which is independent of d of the space time directions, and for which the gauge field configuration lies in a subgroup that commutes with p of the U (1) 
INTRODUCTION
It has been shown previously [1 − 5] can generate a black p-brane solution carrying electric, magnetic and antisymmetric † Invariance of the classical equations of motion in the two dimensional σ-model under such transformations of the background was discussed in ref. [7] .
tensor gauge field charge. We summarise our results in sect. 5. shall now present this argument in some detail.
O(d −
The argument is best presented in the language of string field theory, so let us first assume that there is an underlying string field theory that governs the dynamics of heterotic string theory, and that the vertices in this string field theory are given in terms of correlation functions in the conformal field theory describing the first quantised heterotic string theory. We consider heterotic string theory formulated in 10 dimensional flat space time, although the argument can easily be generalised to the case where some of the dimensions are replaced by an arbitrary
(1,0) super-conformal field theory of the correct central charge. Let {Φ a } denote the set of basis states in the conformal field theory (including the ghost part). The string field is given by |Ψ = a ψ a |Φ a , with ψ a 's as the dynamical variables of the string field theory. Then the general N point interaction vertex is given by ψ a1 . . . ψ aN f N (a 1 , . . . a N ), where f N (a 1 , . . . a N ) denotes a quantity constructed out of an N point correlation function of some conformal transform of the fields
‡ For describing the string field configurations which are independent of d of the space-time coordinates (sayŶ m ) and carry zero momentum in p of the internal directions associated with the coordinatesY R (say), only those components ψ a will be non-zero, for which the corresponding basis states |Φ a have zero momentum in these d space-time directions, and also zero momentum in these p internal directions. A basis of such states in the conformal field theory can be chosen in the form |χ l ⊗ |χl ⊗ |Φ ′ a ′ , where |χ l andχl are the basis states in the holomorphic and the antiholomorphic sectors respectively of the conformal field theory described by the coordinatesŶ m andY R , and |Φ ′ a ′ denote the basis of states in the conformal field theory describing the rest of the system. The correlation functions involving these basis states on the sphere factorise into correlation functions involving the states |χ l , correlation functions involving the states |χl and correlation functions involving the states |Φ ′ a ′ . Thus f N also has the factorized form: In the absence of a field theory describing the heterotic string theory, the above arguments can be used to establish an Let us now see how this transformation acts on some specific components of the string field. Let h µν , b µν and a µR denote the components of the stri ng field which couple to the graviton, the antisymmetric tensor and the gauge field vertex operators respectively. We shall choose normalizations such that h mn +b mn couples to the vertex operator cc∂Ŷ m∂Ŷ n e ik.Ỹ and a mR couples to the vertex operator cc∂Ŷ m∂Y R e ik.Ỹ , whereỸ α denote the set of coordinates other thanŶ m . Let S and R be the O(d − 1, 1) and O(d − 1 + p, 1) matrices associated with the Lorentz transformations involving the unbarred and the barred indices respectively. Then
transformation acts on these fields as:
where
couples to the vertex operator cc∂Ŷ m∂Ỹ α e ik.Ỹ , (h αm + b αm ) couples to the vertex operator cc∂Ỹ α∂Ŷ m e ik.Ỹ , and a αR couples to the vertex operator cc∂Ỹ α∂Y R e ik.Ỹ , then these fields transform as,
Similar transformation laws can be derived for other fields as well, but we shall not list them here.
Note that the O(d −1, 1) ⊗O(d + p −1, 1) 'symmetry' described above holds for any background that is independent of d of the space-time coordinates, and is neutral under p of the U(1) subgroups of the gauge group. This includes background massive fields as well.
SYMMETRY OF THE LOW ENERGY EFFECTIVE ACTION
Although the general argument guarantees the existence of an
symmetry, realisation of this symmetry in terms of fields that appear in the low energy effective action is somewhat non-trivial, since the explicit relationship between the string field components h µν , b µν and the fields that appear in the low energy effective action is not known. What we would like to do now is to see how these transformations can be realised in the context of low energy effective field theory. To do this we start with the low energy effective action of heterotic string theory and rewrite it in such a way that its symmetry becomes manifest. The action is given by,
where G µν , B µν , A a µ and Φ denote the graviton, the antisymmetric tensor field, the gauge field, and the dilaton, respectively,
Ricci scalar, and Λ is the cosmological constant equal to (D − 10)/2 for heterotic
A is the gauge Chern-Simons term given by (Ω (3)
The full effective action also involves Lorentz Chern Simons term, but these are higher derivative terms and can be ignored to this order. Let us now split the coordinates X µ into two setsŶ m andỸ α To begin with, we shall further restrict to background field configurations for which G mα = B mα = A R α = Aã m = 0; i.e. to backgrounds of the form
shall see how to write down the transformation laws in the general case when such restrictions are not there. In this case, after an integration by parts, the action ⋆ For such backgrounds, the equations of motion obtained by varying the action with respect to the field components that we have set to zero are satisfied identically. Hence any invariance of the action for such restricted set of backgrounds will also imply invariance of the complete set of equations of motion.
(3.1) can be shown to take the form:
where,
and,
Here η m denotes the m dimensional Minkowski metric diag(−1, 1, . . . 1),Â is the matrixÂ mR ≡Â R m , and,
The action (3.2) is manifestly invariant under,
where, 
The gauge index of A now runs over all the 16 coordinates. In this case, the full action can be expressed as,
is defined as follows. We first define the matrices:
We now define the matrices P (αβ) , . . . , Z (αβ) through the relations:
In the above, P (αβ) is a D×D matrix. We now define P µν (αβ) to be the µν component of this matrix.
The action given in eq.(3.13) can be shown to be invariant under a transformation of the form: follows from the fact that G αβ and P βα (αβ)
remain invariant under these transformations.
Before we conclude this section, let us remark that although the general arguments of sect. 2 guarantee the existence of an
'symmetry' of the string theory for appropriate backgrounds to all orders in α ′ , it does not guarantee that the transformation laws, when expressed in terms of the fields G µν , B µν and Φ will remain unchanged when we include corrections that are higher order in α ′ . This is due to the fact that the functional relationship between the string fields and the fields that appear in the effective field theory may undergo modification when we include the effect of higher derivative terms. 
APPLICATION OF THE
We shall now apply the above transformations to known solutions of heterotic string theory to generate new solutions. In particular we shall take our starting solution to be the black six brane solution of ref.
[10] carrying a magnetic charge.
(For related work see refs. [20 − 35] .) The solution is given by the following form of the metric and other fields:
where, dΩ 2 is the line element on a two sphere, and ǫ 2 is the volume form on the same two sphere. Φ 0 , r + and r − are the three independent parameters labelling the solution (r + > r − ), and Q M is the (quantised) magnetic charge carried by the black hole, given by, We can now calculate the transformed solution in a straightforward way using ⋆ For E 8 × E 8 heterotic string theory rotation among the 15 internal coordinates can generate inequivalent field configurations since O (16) is not a subgroup of the gauge group. But this only changes the direction of the gauge field in the final solution without modifying the essential properties of the solution.
eqs.(3.7), (3.8). The transformed solution is given by,
This solution is characterized by an electric field as well as an antisymmetric tensor field strength, given by,
Hence, besides carrying the magnetic charge, the new solution carries both, electric and antisymmetric tensor gauge field charge, proportional to γ and β respectively.
Let us now discuss singularities of the solution (4.6). It can be easily seen that the matrix G tt G t1
has zero eigenvalues at r = r + and r = r − . The component G rr has poles at pre-cisely these values of r, as can be seen from eq.(4.1). These singularities represent coordinate singularities, and can be removed by appropriate coordinate choice. To see this, let us first define new coordinates t ′ , X ′ and ρ through the relations:
In this coordinate system, the metric near r = r + takes the form:
From this we see that the metric has a singularity at ρ = 0. This singularity is removed by defining new coordinates u, v as,
In this coordinate system the metric takes the form:
(4.14)
From this we see that the metric is non-singular in this coordinate system at u = 0 or v = 0. It can also be seen easily that both the electric and the antisymmetric tensor fields are non-singular at r = r + in the new coordinate system. Similar change of coordinates can also be carried out near r = r − to show that this also represents a coordinate singularity. Note that if we take β = 0, then the solution represents the direct product of a four dimensional black hole carrying magnetic and electric charge, and a six dimensional flat space described by the coordinates X i (1 ≤ i ≤ 6). If we compactify the coordinates X i (say on a Calabi-Yau manifold, or a six dimensional torus), the result would be a four dimensional black hole carrying electric and magnetic charge. (The full solution, on the other hand, may be regarded as a black string in 5 dimensions by compactifying the coordinates X 2 , . . . X 6 .) The two charges, however, lie in different U(1) subgroups of the gauge group. These ⋆ In this case we again look for a coordinate transformation of the form t = t ′′ cosh φ − X ′′ sinh φ, X 1 = X ′′ cosh φ − t ′′ sinh φ, r = r − + ρ ′ as in eq.(4.9), so as to bring the metric in the standard form near the singular surface. It can be easily seen that if |β| < γ 2 /2, then it is possible to find a φ (tanh φ = β(r + − r − )/2(r − − r 0 )) for which G t ′′ t ′′ and G X ′′ t ′′ are of order ρ ′ , and G X ′′ X ′′ is of order 1 as r → r − . On the other hand, if |β| > γ 2 /2, then it is possible to find a φ (coth φ = β(r + − r − )/2(r − − r 0 )) for which G X ′′ X ′′ and G X ′′ t ′′ are of order ρ ′ and G t ′′ t ′′ is of order unity as r → r − . Thus the global structure resembles that of a Reissner-Nordstrom black hole in the first case, and that of the black string solution of ref. [35] [4] in the second case.
solutions are different from the ones discussed in ref. [33] in that in their solution the electric and the magnetic charge lie in the same U(1) subgroups of the gauge group.
On the other hand, these solutions can be identified to the black hole solutions of Gibbons and Maeda [28] includes the 1 direction of the gauge field. Note, however, that in this case, the initial gauge potential needs to be defined in separate coordinate patches; and are related by a gauge transformation on the overlap. This, in general, implies that the transformed fields also need to be defined in separate coordinate patches, and are related by gauge and general coordinate transformation on the overlap. To see this let us consider the transformation of the fields in the asymptotic region r → ∞, so that G µν − η µν , B µν and A µR are small. If we choose S = 1, and R to be a O(1, 1) transformation that mixes the t coordinate with the 1 direction in the internal space, the transformed fields take the form:
where α denotes any of the three directions x, y or z on which the original solution depends. Let A 1 α andĀ 1 α be the components of the original gauge field in the two different coordinate patches, then A 1 α −Ā 1 α = ∂ α Λ, where Λ is a function which is not single valued under a 2π rotation about the z axis (although e ieΛ is). From eq.(4.15) we see that G ′ αt −Ḡ ′ αt is now given by (1/2) sinh θ∂ α Λ, where G ′ andḠ ′ denote the transformed metric in the two coordinate patches. This shows that G ′ andḠ ′ are related by a coordinate transformation of the form t → t + Λ sinh θ.
However, since Λ is not a single valued function of the coordinates, this coordinate transformation is not globally well defined.
We could also have started with the metric which represents black holes carrying quantised antisymmetric tensor gauge field charge, instead of magnetic charge. This solution is given by [10]:
where dΩ 3 is the line element on a three sphere, ǫ 3 is the volume form on the same three sphere, and Q = r + r − . In this solution, the expressions for G tt and Φ are similar to those given in eqs.(4.1) and (4.2), except that the ratios r/r ± are replaced by (r/r ± ) 2 . As a result, the final transformed solution will have the same form as given in eqs.(4.6) and (4.7) with r, r 0 and r ± replaced by r 2 , (r 0 ) 2 and (r ± ) 2 everywhere in the expression forĜ,B andÂ. Thus the final solution will take the form: 
CONCLUSION
In this paper we have shown that given a classical solution of the heterotic string theory which is independent of d of the space-time coordinates, and for which the background gauge field lies in a subgroup that commutes with p of the U(1) generators of the gauge group, we can generate other classical solutions by applying an O(d−1, 1)⊗O(d+p−1, 1) transformation on the original solution. By using these transformations on the known black 6-brane solution of the heterotic string theory carrying magnetic charge, we have generated new solutions carrying magnetic, electric and antisymmtric tensor gauge field charge. These solutions are labelled by four continuous and one discrete parameters, characterizing the mass, the electric charge, the antisymmetric tensor gauge field charge, the asymptotic value of the dilaton field, and the magnetic charge of the 6-brane respectively. By compactifying 5 of the directions this solution may be regarded as a black string solution in five dimensions. Using this method we have also constructed black string solutions in six dimensions carrying electric charge, and both, electric and magnetic type antisymmetric tensor gauge field charge.
